Individuals with Turner syndrome (TS) often exhibit specific deficits in visual-spatial functions, arithmetical abilities, social cognition, and executive functions with preserved general intelligence and preserved or enhanced verbal skills. This unique pattern of cognitive strengths and weaknesses is accompanied by a well-described neuroanatomical phenotype characterized by decreased gray matter volumes in premotor, somatosensory, and parietal-occipital cortex, and increased volumes of the amygdala and orbitofrontal cortex. Why the absence of the second sex chromosome should produce these effects remains poorly understood. In this article, we propose that the TS research community leverage recent advances in neuroimaging, large-scale data-rich biology (omics), and patient-powered research registries to build a comprehensive neurodevelopmental model of TS.
| INTRODUCTION
In the 80 years that have elapsed since Henry Turner first described the syndrome that bears his name (Turner, 1938) , a substantial body of literature has developed around cognitive and behavioral challenges faced by this population (Gravholt et al., 2017) . In addition to the well-known physical features (e.g., wide or web-like neck, low hairline in back of head, low-set ears, and short stature), it is now widely appreciated that school-age children, adolescents, and adult women with Turner syndrome (TS) often exhibit specific deficits in visuospatial functions (Collaer, Geffner, Kaufman, Buckingham, & Hines, 2002; Hart, Davenport, Hooper, & Belger, 2006; Murphy et al., 1994; Rae et al., 2004; Romans, Stefanatos, Roeltgen, Kushner, & Ross, 1998; Ross, Kushner, & Roeltgen, 1996) , arithmetical abilities (Murphy, Mazzocco, Gerner, & Henry, 2006; Pennington, Bender, Puck, Salbenblatt, & Robinson, 1982 ; Rae et al., 2004; Rovet, 1993; Temple & Carney, 1996; Temple & Marriott, 1998) , social cognition (Burnett et al., 2010; Hong et al., 2014; Lawrence et al., 2003; Lepage et al., 2014; Mazzola et al., 2006; Ross et al., 1997) , and executive functions including working memory, inhibitory control, and cognitive flexibility (Green et al., 2015; Loesch et al., 2005; Murphy et al., 1994; Romans et al., 1998) . Areas of preserved or enhanced function have been reported as well, primarily in the verbal domain (Hong, Scaletta Kent, & Kesler, 2009; Rae et al., 2004; Temple & Carney, 1996; Temple & Shephard, 2012) . Affected individuals are also at increased risk for attention deficit hyperactivity disorder (ADHD; present in approximately 25%) (Green et al., 2015; Russell et al., 2006) , specific learning disorders (dyscalculia present in up to 75%; , intellectual disability (present in approximately 10%; Sybert & McCauley, 2004) , and, potentially, social communication and autism spectrum disorders , developmental coordination disorder (Nijhuis-van der Sanden et al., 2003) , and depression (Cardoso et al., 2004 ; Reimann, Perman, Ho, Parks, & Comis, 2018). Additionally, higher state anxiety levels have been reported in adolescent girls with TS (Kilic, Ergur, & Ocal, 2005) . Finally, some researchers and clinicians have used the term nonverbal learning disability (NLVD; Rourke, 1987) anisms have yet to be developed. Furthermore, the high degree of individual variability in cognitive outcomes remains unexplained. Individuals with a small ring X chromosome that fails to undergo inactivation are at highest risk for intellectual disability (Knickmeyer & Davenport, 2011; Kubota et al., 2002) , presumably as a consequence of functional disomy; however, it is still unclear why some girls with TS go on to develop ADHD, dyscalculia, or autism spectrum disorders while others do not. Further, the presence of many of these features are not well-documented in the infant, toddler, and preschool years, yet can manifest robustly in the school-age, adolescent, and young adult years. The primary purpose of this review is to describe a research program for elucidating the "deep" biology of cognition in TS and formulating a comprehensive neurodevelopmental model for this condition which affects 1 in 2000 live female births (Jacobs et al., 1974; Nielsen & Wohlert, 1991) . For additional information on cognitive and psychosocial issues in TS and how they can be addressed in clinical care, readers are directed to the most recent clinical practice guidelines for the care of girls and women with TS (Gravholt et al., 2017) , and to the article by Nicole Tartaglia in this issue.
| NEURAL CIRCUITRY IMPLICATED IN TS
Cognitive neuroscientists have used functional neuroimaging techniques to identify brain regions and neural circuits involved in visuospatial ability, arithmetical abilities, social cognition, and executive function, key domains that are altered in TS. With regard to visuospatial ability, the classic model of visual processing posits two information processing streams originating in primary visual cortex (located in the occipital lobe): a dorsal processing stream that goes to parietal cortex and is relatively specialized for spatial processing (where an object is in space) and a ventral processing stream that goes to temporal cortex and is relatively specialized for object recognition (what an object is; Tres & Brucki, 2014) . Although there are points of convergence and connectivity between these two streams, the pattern of deficits observed in TS suggests involvement of the dorsal stream.
The dorsal stream incorporates several neural circuits. Projections from early visual areas to the posterior parietal cortex, including medial aspects of the superior parietal lobule, constitute the parietaloccipital circuit (Galletti et al., 2001 ) and can be thought of as a bridge by which visual information is moved toward higher areas of processing. Information is then passed on to parieto-frontal, parieto-premotor, and parieto-medial temporal circuits, which are responsible for spatial working memory, visually guided action, and spatial navigation, respectively (Kravitz, Saleem, Baker, & Mishkin, 2011) .
With regard to mathematical abilities, almost all arithmetical and numerical processes implicate the parietal lobes in general and the intraparietal sulcus (IPS) in particular (Butterworth, Varma, & Laurillard, 2011) .
Notably, impairments in the representation of numerosities, that is the number of objects in a set, appear to be foundational deficits in dyscalculia, and the IPS is activated when individuals process the numerosity of arrays of objects (Castelli, Glaser, & Butterworth, 2006) .
With regard to social cognition, cortices in both the fusiform gyrus and the posterior superior temporal sulcus are thought to play a key role in the recognition of animacy (the state of being alive) and agency (the capacity for goal-directed behavior). Emotion recognition, an area of particular challenge in TS, engages the amygdala, orbitofrontal cortices, frontoparietal regions of the right hemisphere, and the left frontal operculum. The amygdala and orbitofrontal cortices also may play a key role in the attribution of mental states (theory of mind). Theory of mind tasks also strongly activate the medial prefrontal cortex, temporoparietal junction, and posterior cingulate. The anterior cingulate cortex is involved in social motivation, while the insula and ventromedial prefrontal cortex are implicated in feeling, empathy, and moral emotion (Adolphs, 2009; Heberlein & Adolphs, 2004) .
With regard to executive function, because this term embraces a diverse set of cognitive processes, a number of different neural circuits could be involved in this aspect of the TS cognitive profile. We highlight four particular circuits in this review: the salience network, the executive control network, and the dorsal and ventral attention networks. The primary role of the salience network is to detect and filter salient stimuli (i.e., selective attention) and to recruit other networks that are relevant to incoming stimuli. Key nodes in this circuit include the anterior insula, dorsal anterior cingulate cortex, and cortex around the temporoparietal junction. The executive control network is involved in high-level cognitive functions including working memory and inhibitory control. Key nodes in this circuit include dorsolateral prefrontal cortex and the dorsal portion of posterior parietal cortex (Hermans, Henckens, Joels, & Fernandez, 2014) . The dorsal attention network includes the frontal eye fields, as well as the superior parietal lobule and inferior parietal sulcus, and is involved in sustained attention. The ventral attention network includes the inferior frontal and middle frontal gyrus, as well as the temporal parietal junction, and is involved in switching attention between different tasks (Aboitiz, Ossandon, Zamorano, Palma, & Carrasco, 2014) .
Having reviewed a number of neural circuits that could be involved in the TS cognitive profile, one must next ask: what is the empirical evidence for their involvement? Structural neuroimaging studies have consistently demonstrated a decrease in volume of parietal-occipital gray matter, which may be more pronounced in the right hemisphere (Brown et al., 2002 (Brown et al., , 2004 Cutter et al., 2006; Marzelli, Hoeft, Hong, & Reiss, 2011) . This could potentially explain visuospatial and mathematical difficulties as well as some executive function issues. Enlargement of the amygdala and orbitofrontal cortex (Cutter et al., 2006; Good et al., 2003; Kesler et al., 2004; Marzelli et al., 2011) has also been consistently reported in females with TS, potentially explaining social cognitive challenges. Alterations in gray matter volume have also been reported in the insula, fusiform gyrus, posterior cingulate, inferior temporal gyrus, ventrolateral prefrontal cortex, anterior cingulate, hippocampus, basal ganglia, and around the superior temporal sulcus (Cutter et al., 2006; Kesler et al., 2003; Marzelli et al., 2011) .
Functional MRI studies indicate that regions with altered neuroanatomy also respond differently during relevant tasks (Beaton et al., 2010; Haberecht et al., 2001; Hart et al., 2006; Kesler, Menon, & Reiss, 2006; Molko et al., 2003; Skuse, Morris, & Dolan, 2005) . For example, during an object tracking task, neural activation in girls with TS showed only partial overlap with the canonical frontoparietal network activated in typically developing controls and included greater limbic activity (Beaton et al., 2010) . With regard to anatomical connectivity, an early diffusion tensor imaging study reported lower fractional anisotropy (FA; an index of white matter integrity) in tracts connecting frontal and parietal areas, in right prefrontal cortex, and in the internal capsule extending into globus pallidus, when compared to controls (Holzapfel, Barnea-Goraly, Eckert, Kesler, & Reiss, 2006) . A more recent study using slightly different analysis methods reported even more widespread reductions in FA in individuals with TS (Yamagata et al., 2012) . The Holzapfel study also reported that indi- In summary, multiple neuroimaging techniques suggest that TS is characterized by anatomical and functional changes in neural circuits critical to visuospatial ability, arithmetical abilities, social cognition, and executive function. That these changes play a causal role in the cognitive phenotype of TS is intuitively very compelling. However, one caveat must be noted. Very few studies have actually tested for associations between neuroimaging phenotypes and cognitive performance, and those that have frequently find no association. One intriguing exception to this general pattern is the study by Xie et al. (2017) which found that connectivity in Module 2 was associated with math-related cognition.
| TOWARD A NEURODEVELOPMENTAL MODEL OF TS
As is the case for many neurodevelopmental disorders, our current understanding of cognition in TS consists primarily of a catalogue of impaired and intact functions, accompanied by a catalogue of altered neurocircuitry, with little understanding of how one gives rise to the other, or how they relate to the loss of the second sex chromosome. Furthermore, most studies to date are cross-sectional. Consequently, we know very little about how cognitive function changes over the course of development and in response to common clinical experiences such as initiation of growth hormone or steroid hormone (e.g., estrogen) therapies. The remainder of this review will focus on how the research community might go about building a comprehensive neurodevelopmental model of TS using advances in neuroimaging, emerging fields of large-scale data-rich biology (omics), and patient-powered research registries. Figure 1 illustrates the time course of the three different domains which must be tied together: cognition and psychosocial function, neurodevelopmental processes, and genetic vulnerabilities and associated clinical features.
| Fetal and infant imaging
Neuroimaging of fetuses, infants, and young children presents numerous challenges both practical (subject cooperation, motion) and analytical (low contrast to noise ratio, high variability and small size of anatomical shapes, rapid changes as a function of age).
Despite this, recent imaging studies have begun to delineate growth trajectories of brain structure and function in the first years of life and their relationship to cognition and risk for neuropsychiatric disorders (Gilmore, Knickmeyer, & Gao, 2018; Robinson & Ederies, 2018) . My own group has carried out the first neuroimaging study of infants with TS. Results indicate that the typical neuroanatomical profile seen in older individuals with TS is, in large part, already present at 1 year of age, suggesting a stable phenotype with origins in the prenatal or early postnatal period (manuscript under review). We also observed that infants with TS are largely within the average range in adaptive behavior, temperament, and overall developmental functioning at this age, though approximately one quarter of our sample performed at least one standard deviation below the mean in their overall development, with higher rates of risk noted for receptive language, expressive language, gross motor functions, and a variety of social communication functions, particularly symbolic language (manuscripts under review). Technical advances in MRI acquisition have allowed for standard structural MRI, diffusion tensor imaging, functional MRI, and proton magnetic resonance spectroscopy (MRS) to be included in prenatal imaging protocols (Jakab et al., 2015; Robinson & Ederies, 2018) . While these techniques have yet to be applied in TS, they are being used to understand the normal development of white matter fiber pathways (Kasprian et al., 2008; Mitter, Kasprian, Brugger, & Prayer, 2011; Mitter, Prayer, Brugger, Weber, & Kasprian, 2015) , resting state networks (Thomason et al., 2014 ), brain metabolism (Girard et al., 2006) , and cortical folding (Clouchoux et al., 2012; Wright et al., 2014) , and to study pathologies such as callosal dysgenesis (Kasprian et al., 2013) and ventriculomegaly (Gholipour, Akhondi-Asl, Estroff, & Warfield, 2012) . It should be noted that both fetal ultrasound and MRI also can be used to measure fetal movements, providing a window on prenatal behavior (Hayat et al., 2011 ).
| Consideration of the placenta
As we consider the importance of studying prenatal brain development in TS, we need to acknowledge the potential role of the placenta in neurodevelopment. This critical endocrine tissue processes nutrients, produces growth factors, and maintains a protective barrier between the maternal and fetal compartments (Bale, 2016) . Disruption of any of these processes due to the absence of the second sex chromosome could alter brain development. The placenta is derived from fetal cells, with a contribution from the lining of the mother's uterus. This means that the placenta in TS is genetically distinct from a 46,XX or 46,XY placenta. 46,XX and 46,XY placentas exhibit sex-specific responses to stressors which may alter brain development and HPA axis reactivity, raising the possibility that the lack of a second sex chromosome could alter brain development via placenta-mediated mechanisms. Several X-linked genes are expressed at higher levels in 46,XX as compared to 46,XY placenta including Xist, Kdm5c, Eif2s3x, Pramel3, Taf1, Rpsa, and Ogt, with Ogt being a particularly likely candidate for mediating differences in response to maternal stress (Howerton, Morgan, Fischer, & Bale, 2013) (Elliott, Watkins, Messa, Lippe, & Chugani, 1996) ; the other reported generalized hypermetabolism with normalized metabolism being lower in insula and association cortices (Murphy et al., 1997) . Additional studies using F-18 labeled fluorodeoxyglucose (FDG-PET) could resolve these somewhat contradictory findings, but perhaps even more interesting is the possibility of using PET to look at other biological pathways. Theoretically, PET technology can be used to trace any compound, provided it can be radiolabeled with a PET isotope. In practice, there are a number of PET ligands that might be relevant to understanding the cognitive phenotype in TS including ligands to probe gonadal steroid pathways (Antunes et al., 2017; Biegon et al., 2015; Venema et al., 2016) and several major neurotransmitter systems (Brooks, 2016; Kersemans, Van Laeken, & De Vos, 2013 (Stanley & Raz, 2018) . To our knowledge, only one MRS study of TS has been published. The authors reported lower parietal lobe concentration of N-acetyl aspartate, and higher hippocampal choline (Cutter et al., 2006) . With regard to EEG, the research literature is highly inconsistent.
While some studies reported a complete absence of EEG anomalies (Grosso et al., 2004) , others reported anomalies being present at rates between 13 and 80% (Poenaru, Stanesco, Poenaru, & Stoian, 1970; Saad et al., 2014; Tsuboi & Nielsen, 1976) . Variability may reflect, at least in part, how many individuals with intellectual disability are included (Tsuboi & Nielsen, 1976) . The nature of the alterations also varies, with one study suggesting functional brain disturbances in the thalamus and in the ascending reticular activating system (Tsuboi, Nielsen, & Nagayama, 1988) ; another suggesting alterations at the occipital and parietal areas (Tsuboi & Nielsen, 1985) ; another suggesting diffuse brain abnormalities (Palm, Pfeiffer, Ammermann, & Schulte, 1973) ; and yet another suggesting a stimulating effect on electrical activity of the brain resulting from treatment with gonadotropic and somatotropic hormones (Frenkel & Zarubina, 1973) . As with FDG-PET, this is an area where new studies are needed to resolve inconsistencies. Furthermore, we are not aware of any studies using event-related potentials (ERP) to study how the brains of individuals with TS respond during cognitive processing.
This seems particularly surprising given that EEG/ERP has been used in other populations to study relevant cognitive domains including attention (Luck, Woodman, & Vogel, 2000) , social processing (Amodio, Bartholow, & Ito, 2014) , and response inhibition (Albares, Lio, & Boulinguez, 2015) . MEG represents yet another functional neuroimaging technique. Like EEG, MEG is an electrophysiological technique that is sensitive to the electrochemical current flows within and between brain cells. It provides a direct measure of brain function (magnetic fields generated by neural activity) with very high temporal resolution (submillisecond) and the ability to resolve activity between cerebral regions (Baillet, 2017) , but it has not yet been applied in studies of TS. Finally, fNIRS is a specialized research imaging technique that uses near-infrared light to probe the function of the living brain. fNIRS is harmless, robust to bodily movements, and highly portable, making it especially attractive for studies of young infants and studies taking place in natural environments as opposed to the research lab (Pinti et al., 2018) . It has not yet been used in studies of TS.
| Omics
Technological advances now allow large-scale data-rich approaches to understanding biology, informally referred to as "omics." This includes genomics (study of the genomes of organisms), epigenomics (study of the supporting structure of genomes, including protein and RNA binders, alternative DNA structures, and chemical modifications on DNA), transcriptomics (study of all RNA molecules produced in one or a population of cells), proteomics (study of all proteins produced in one or a population of cells), and metabolomics (systematic study of the chemical fingerprints that specific cellular processes leave behind), among others. The application of these approaches has the potential to provide fundamental new information about the biology of TS and its diverse comorbidities. Other articles in this issue address the application of omics to cardiovascular diseases (Cheryl Maslen, Siddharth Prakash) and perinatal development (Diana Bianchi), as well as the general epigenetic and transcriptional landscape of TS as revealed in peripheral blood samples (Claus Gravholt). Similar models could be applied to understanding cognitive challenges. It should be noted that to fully understand the underlying biology of cognition in TS, studies of postmortem brain tissue also will be required. At present, postmortem studies of the brain in individuals with TS are extremely scarce and date back several decades (Gullotta & Rehder, 1974; Molland & Purcell, 1975; Reskenielsen, Christensen, & Nielsen, 1982; Urich, 1979) , with no contemporary studies being reported in recent years.
| HUMAN-INDUCED PLURIPOTENT STEM CELLS
Human-induced pluripotent stem cells (hiPSCs) are a type of pluripotent stem cell that can be generated directly from adult cells. Differentiation of such cells into neural progenitors and neurons could reveal novel information about molecular mechanisms underlying the neuropsychological profile of TS. Notably, such cells have gene expression profiles characteristic of prenatal development, offering a window into processes at play during gestation (LaMarca, Powell, Akbarian, & Brennand, 2018) . Several groups have produced hiPSCs from patients with TS (Dominguez, Chiang, Sukhwani, Orwig, & Pera, 2014; Li et al., 2012; Luo et al., 2015; Parveen, Panicker, & Gupta, 2017; Zhang et al., 2013) , and at least one group has reported successful differentiation into neural-like cells (Li et al., 2012) . hiPSC-derived TS neurons and neural progenitors could be grown in two-dimensional culture systems, providing new insights into proliferation, differentiation, response to stress, neuronal morphology, dendritic spine density, synaptogenesis, electrophysiology, and axonal trafficking (Taoufik, Kouroupi, Zygogianni, & Matsas, 2018) . Further, three-dimensional neural culture systems could allow researchers to probe cytoarchitecture and network connectivity changes in TS (LaMarca et al., 2018) . In addition, by editing genes or controlling gene expression in TS-derived hiPSCs, it may be possible to identify specific genes linked to altered neurodevelopment in TS.
| LINKING THE TS COGNITIVE PROFILE TO OTHER CLINICAL FEATURES OF TS
TS is a complex, multisystem condition. In addition to genetic vulnerabilities which may directly impact brain development (haploinsufficiency of X chromosome genes, failure to express parentally imprinted genes, or the uncovering of X chromosome mutations) and gonadal steroid insufficiency due to loss of ovarian function (which appears to have relatively minor influences on the core cognitive phenotype, see Ross et al., 2002) , individuals with TS may also experience growth failure (and subsequent treatment with supraphysiological levels of growth hormone), cardiovascular issues, hearing problems, autoimmunity, diabetes, hypercholesterolemia, prenatal lymphedema, ophthalmological issues, musculoskeletal abnormalities, gastrointestinal disease, liver disease, renal abnormalities, and estrogen replacement therapy to induce pubertal development (Gravholt et al., 2017) . Many of these features could influence brain development (see Knickmeyer & Davenport, 2011 for an in depth discussion of growth failure, cardiovascular issues, thyroid autoimmunity, and hearing issues), but they often go unreported when describing samples in neurocognitive studies. Furthermore, very few studies have explicitly examined whether any of these experiences contribute to individual variation in cognition, neuroanatomy, and social-behavioral challenges among individual with TS. Low-dose estrogen administration was associated with modest improvements in verbal and nonverbal memory in one study of girls with TS, between 5 and 8 years of age (Ross, Roeltgen, Feuillan, Kushner, & Cutler, 2000) , and estrogen replacement in girls aged 10-12 years has been reported to improve processing speed and motor function (Ross, Roeltgen, Feuillan, Kushner, & Cutler, 1998) . Ageappropriate somatic sexual development is also associated with positive self-concept and social adaptation (Gravholt et al., 2017) . Growth hormone treatment may partially normalize the neuroanatomical phenotype (Cutter et al., 2006 ), but appears to have little or no impact on cognition (Ross, 2005) .
Might some of the inconsistencies between studies reflect undocumented variation in these clinical features? For example, could the widespread reductions in FA reported by Yamagata et al. (2011) reflect a higher rate of general anesthesia and surgery during infancy in this sample as compared to the sample studied by Holzapfel et al. (2006) , where more focal alterations were reported? Animal studies indicate that general anesthesia increases cell death of both neurons and oligodendrocytes (Walters & Paule, 2017) , and there is a recent report that anesthesia and surgery in human infants is associated with decreased white matter volume and integrity in later childhood (Block et al., 2017) .
A better understanding of the relationships between the medical history of patients with TS and their cognitive function could have important implications for clinical decision making. We, therefore, encourage authors to describe samples in detail and consider running secondary analyses to examine how these features might influence cognition, neuroanatomy, and neural function. Electronic health records represent a promising resource for this type of work, as does the Turner Syndrome Research Registry (TSRR, see article in this issue). The TSRR is also well-suited to documenting changes in cognitive profile, psychiatric comorbidities, and psychosocial functioning over time, thus providing a developmental perspective that has, hitherto, been difficult to acquire.
| CONCLUSION
Neurocognitive challenges, psychosocial issues, and psychiatric comorbidities have a significant effect on self-esteem, academic achievement, and quality of life in girls and women with TS (Gravholt et al., 2017) .
Thus, there is a pressing clinical need for a better understanding of how the absence of the second sex chromosome gives rise to altered neuroanatomy and function. In this article, we proposed several promising directions for future research which would ultimately contribute to the formulation of a comprehensive neurodevelopmental model of TS. Specifically, we encouraged neuroimaging studies of fetal and infant development, application of diverse neuroimaging techniques including PET, MRS, EEG, MEG, and fNIRS, in addition to structural and functional MRI, studies focused on the placenta, large-scale data-rich approaches to understanding cognitive challenges in TS, studies of hiPSC-derived TS neurons and neural progenitors, and multisystem studies leveraging electronic medical health records and the Turner Syndrome Research Registry. Ultimately, the creation of a comprehensive neurodevelopmental model for TS could lead to new interventions aimed at normalizing adverse ontogenetic pathways, perhaps via early intervention via educational, cognitive-behavioral, and pharmacologic therapies in a strategically combined fashion (Gravholt et al., 2017) . It would also facilitate comparisons to other developmental conditions that may overlap with TS, including ADHD, dyscalculia, and autism, potentially inspiring new treatment approaches in individuals with typical chromosome numbers. 
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